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ABSTRACT The R-factor and R-free are com-
monly used to measure the quality of protein models
obtained in X-ray crystallography. Well-refined pro-
tein structures usually have R-factors in the range
of 20-25%, whereas intrinsic errors in the experimen-
tal data are usually around 5%. We use molecular
dynamics simulations to perform a self-consistent
analysis by which we determine the major factors
contributing to large values of protein R-factors.
The analysis shows that significant R-factor values
can arise from the use of isotropic B-factors to
model anisotropic protein motions and from coordi-
nate errors. Even in the absence of coordinate er-
rors, the use of isotropic B-factors can cause the
R-factors to be around 10%; for coordinate errors
smaller than 0.2 A, the two errors types make similar
contributions. The inaccuracy of the energy func-
tion used and multistate protein dynamics are un-
likely to make significant contributions to the large
R-factors. Proteins 2002;46:345-354.
©2002 Wiley-Liss, Inc.

INTRODUCTION

The information that can be obtained from a protein
crystal structure depends on the accuracy of the structural
model. In many cases, an accurate high-resolution struc-
ture, when combined with complementary biochemical
data, allows one to understand protein function in atomic
detail. Moreover, the structure can serve as a starting
point for molecular mechanics or quantum calculations,
which provide further insight into structure-function rela-
tionships. The fundamental importance of structural meth-
ods in biology makes it essential to have a clear understand-
ing of the criteria used to gauge the accuracy of the
resulting models.

Local geometric errors in a protein X-ray structure can
be estimated by use of knowledge-based programs such as
PROCHECK.! PROCHECK compares the geometry of a
protein model with a database of canonical geometries
derived from a set of high-resolution protein structures.
The overall accuracy of a protein model is usually evalu-
ated by the ability of the model to reproduce experimental
X-ray data. In protein crystallography, the experimental
data are the Bragg reflection intensities. The crystallo-
graphic R-factor? is the most widely used parameter to
measure the disagreement between the amplitudes of the
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experimentally measured reflections and the protein model.
The crystallographic R-factor is defined as:

R _ 2h,k,ZHF‘obs(ha k’ l)| - |Fcalc(h> ky Z)H
Eh,k,l|lwobs(h7 ka l)|

(1

where h, k, and [ are integers that denote points of the
crystal reciprocal lattice and |F,,..(h, k, [)| and |F,,,.(, &, D)|
are amplitudes of measured (observed) and calculated
reflections, respectively. The plot of the crystallographic
R-factor versus resolution (the Luzzati plot) can be used to
estimate the average coordinate error in a protein crystal
structure under assumption of a Gaussian error distribu-
tion.® For protein structures solved and refined at better
than 2 A resolution, the Luzzati plot usually gives esti-
mates of the average coordinate error in the range 0.2-0.3
A.* Multiple independent refinements of proteins also give
error estimates in this range. For example, the root-mean-
square deviation (RMSD) between two independently de-
termined structures of subtilisin® is 0.32 A; the average
RMSD between three independently determined interleu-
Kkin-1-a structures®~2 is 0.53 A (see ref. 15).

Typically, for an initial protein model (obtained by
methods of either molecular or isomorphous replacement?)
the R-factor is as high as 50%. For comparison, an R-factor
of a completely random acentric protein model is 59%.° To
improve the initial model, crystallographic refinement
methods are used. Well-refined protein structures usually
have R-factors in the range of 15-25%, depending on the
resolution and data quality. In contrast, for small organic
compounds R-factor values as low as 2-5% are standard.®
The purpose of the present article is to determine why the
R-factors of well-refined proteins are so large.

The refinement process involves optimization of a cost
function of the type:

Ecost =w:- 2h,k,l(|1‘;‘obs(ha k> l)| - |Fcalc(h" k7 l)|)2
+ 2a\tomsEgeom(x’ y7 Z) (2)
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TABLE I Total Reflection Numbers (Generated for Different Resolution Shells) and Observations/Parameters
Ratios for the Crambin and Myoglobin Refinements

Ratio of observations to Ratio of observation to

Resolution No. of generated reflections independent adjustable parameters independent adjustable parameters
shell (independent observations) for an isotropic refinement for an anisotropic refinement
Crambin

10-3.0 729 0.56 0.25

A

10-2.0 1,246 0.95 0.42

A

10-14 6,906 53 2.3

A

10-1.0 18,722 14.3 6.4

A
Myoglobin

10-3.0 3,000 0.6 0.27

A

10-2.0 10,000 2.0 0.88

A

10-14 26,000 5.2 2.2

A

10-1.0 82,000 164 7.2

A

where the first term is the squared crystallographic re-
sidual weighted by the parameter w and the second is a
geometric term, which is often chosen to approximate a
molecular mechanics energy function. The energetic term
is required to obtain a meaningful structure due to the low
ratio of observations to parameters in the protein refine-
ments. Table I gives the ratio of the observations to
independent adjustable parameters for crambin and myo-
globin.

For a typical protein refinement at 2 A resolution the
observations/parameters ratio is usually close to one.':'!
As a consequence, a refinement based purely on the
crystallographic residual could easily lead to overfitting of
the experimental data and a highly distorted structure.
The energy term biases the protein models toward a
structure with a canonical protein geometry and low
molecular mechanics energy. The weight factor w in the
cost function (Eq. 2) determines the relative contribution
of the reflection residual term and the energetic term.
High values of the weight factor favor refined structures
with a small crystallographic residual but often lead to
poor geometry. Alternatively, low values of the weight
factor favor refined models with good geometry but a high
crystallographic residual (high R-factor). In practice, a
value of the weight factor is chosen, which roughly equal-
izes the contributions of the crystallographic and energy
term in the optimized refinement cost function.

To further reduce data overfitting in crystallographic
refinement, cross-validation by using the free R-factor
(R-free) was introduced.? In a free R-factor refinement, a
test set of experimental reflections (usually comprising
5-10% of total reflections) is set aside and not used in the
optimized cost function. The free R-factor is defined as:

R _ 2h,lz,lEtestﬁset||1‘7‘obs(h’ k’ l)| - |Fcalc(h; k; Z)H
free Z'h,k,lEtest_seturobs(h’ k7 l)|

(3)

where h, k, and [ now belong only to the test set reflection
points of the crystal reciprocal lattice. Because test set
reflections are not used in the cost function optimization, a
significant drop in the free R-factor value provides an
indication of the unbiased improvements in the protein
model.

Because of the low ratio of observations to parameters in
protein refinements, an isotropic, harmonic model is usu-
ally used to model protein motion. In an isotropic refine-
ment, a single Debye-Waller factor (B-factor or tempera-
ture factor) per atom is used to describe atomic motion.>'?
The relationship between the temperature factors and the
atomic fluctuations is given by the formula (4):

B = 8nXAr?) 4)

where B is a temperature factor for an atom and (Ar?) is
the mean square atomic fluctuation of the atom from its
equilibrium (average) position. By contrast, in refinements
of small organic crystals it is usually possible to use a full
anisotropic model to describe protein motion. In such
anisotropic refinement, six parameters per atom are used.
These parameters define a fluctuation tensor for every
atom.

Possible origins of the relatively high protein R-factors
were discussed by Lattman,™* who pointed out that errors
in experimental measurements of the Bragg reflections are
unlikely to make the major contribution. Such errors can
be estimated on the basis of a crystallographic residual
between two reflection data sets collected from the same
crystal. This finding suggests that contributions to protein
R-factors from errors in crystallographic reflection mea-
surements are usually on the order of 5% or less, indicat-
ing that they are unlikely to be the major factor in high
protein R-factors.
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Fig. 1. Projection of the crambin trajectories onto planes defined by
two largest principal components. The axes are scaled to represent the
root mean square deviations of the structures. The red dot indicates the
position of the average trajectory structure, the green dot—the refined
structure. The size of the green dot roughly represents the distribution of
the structures obtained using slightly different simulated annealing proto-
cols. A. Projection of the crambin trajectory at 240 K; B.) Projection of the
crambin trajectory at 300 K.

In the current work, the method of X-ray data genera-
tion from molecular dynamics simulations is used to
investigate the factors contributing to the relatively large
values of refined protein R-factors. An analogous approach
was used previously to investigate errors in X-ray protein
refinements'! and of the structures of dissociated CO
myoglobin intermediates.’® X-ray data, generated from
molecular dynamic trajectories, are used as an input to
commonly used X-ray refinement protocols. Refined re-
sults can then be compared directly with known data from
the molecular dynamics used to calculate crystallographic
reflections. Such an approach is self-consistent and is free
from experimental errors and from errors in the molecular
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Fig. 2. The R-factor obtained in the isotropic refinements of the
harmonic crambin trajectories as a function of the trajectory anisotropy.
(for 10-2.0 A, 10-1.4 A, 10-1.0 A resolution shells). The graphs of the
refined R-factor and the R-free versus anisotropy were identical for the
refinements as the ratio of refined parameters to observations is low.

dynamics simulations, which allows one to determine the
fundamental limitations of the models used to deduce the
protein coordinates and motional parameters from experi-
mental data.

RESULTS
Role of Errors in the Energy

To determine whether inaccuracies in the energy term
Egcom Of the crystallographic refinement cost function (Eq.
2) have a significant effect on protein refinements, a
self-consistent approach was used. Molecular dynamics
trajectories of the small protein crambin (Hendrickson and
Teeter, 1981, PDB entry lcrn) were obtained by using
CHARMM.'¢ Crystallographic reflections in the 10.0-1.0
A resolution range were generated from the dynamics
trajectories as described in Materials and Methods. By
using the generated reflections and a refinement cost
function with the same potential energy term as used in
the molecular dynamics simulations, simulated annealing
refinements against the generated reflections were per-
formed with the program XPLOR.!” Thus, differences in
the results arise from the refinement procedure and the
model on which it is based, rather than from errors in the
energy function.

The dependence of the refined protein model on the
starting structure, initial velocity assignment in simu-
lated annealing, and general simulated annealing protocol
was investigated. Several XPLOR refinement runs, using
different starting structures and refinement protocols, all
converged to the same structures with backbone RMSD
within 0.02 A from each other. Apparently, the presence of
the high-resolution reflection data (up to 1.0 A resolution)
directs refinements to the best possible model independent
of the refinement protocols and initial structures.
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TABLE II. Characteristics of Crambin Trajectories and the Final R-Factors Obtained in the Refinements of the X-Ray
Data Generated From the Trajectories

Crambin trajectory Crambin trajectory Harmonic crambin
at 240 K at 300 K trajectory (harm_240 K)
Average non-hydrogen atoms RMS fluctuation, A 0.64 0.65 0.64
Backbone RMSD from the average trajectory structure 0.17 0.09 0.024
to the refined structure, A
Non-hydrogen RMSD from the average trajectory 0.34 0.27 0.029
structure to the refined structure, A
Average non-hydrogen atoms anisotropy parameter A; 0.88 0.71 0.87
Average non-hydrogen atoms anisotropy parameter A,, 0.15 0.15 0.14
Isotropic Isotropic Isotropic Isotropic Isotropic Isotropic
Resolution range for R-factor calculations R-factor R-free R-factor R-free R-factor R-free
10-2A (%) 119 13.6 12.2 12.8 11.6 11.9
10-1.4 A (%) 15.7 174 16.3 175 16.2 16.8
10-1 A (%) 20.3 21.6 20.8 21.7 21.2 22.9

The final crystallographic R-factors obtained in refine-
ments of the crambin structure against the reflection data
generated from the two typical crambin trajectories (at 240
K and 300 K) are shown in Table II.

Similar protein R-factors and R-frees were obtained in
refinements of crystallographic data generated from other
crambin trajectories, interleukin-2-p trajectories (D. Vit-
kup et al., in preparation), and myoglobin trajectories.'® It
is clear from Table II that the R-factor values obtained in
the refinements of the crystallographic data generated
from the molecular dynamics trajectories are similar to the
relatively high R-factors usually obtained in experimental
protein refinements,'® despite the fact that identical en-
ergy functions were used in generation of the trajectories
and in the refinements.

Role of Anharmonic Multistate Behavior

The crambin trajectories at 240 K and 300 K exemplify
trajectories with pronounced multistate and single-state
behavior. This is made apparent by a principal component
analysis (PCA) of the trajectories.’®?° Coordinates of C-a
backbone atoms of crambin were used to define conforma-
tions of the protein in the PCA. Figure 1(a) shows a 300-ps
molecular dynamics trajectory of crambin at 240 K in
projection onto the two largest principal components. The
projection shows that the 240 K crambin trajectory exhib-
its pronounced multistate behavior. In the trajectory, the
protein visits two basins, which are approximately delin-
eated by dashed lines in Figure 1(a). The average struc-
ture, calculated from the simulation by averaging the
atomic coordinates along the trajectory, is marked by the
red dot in Figure 1(a).

The structure obtained in the simulated annealing
refinements with the isotropic B factors is marked by the
green dot. The refined structure is close to, but somewhat
different from, the average structure. The RMSD between
the average and the refined structure is 0.17 A for back-
bone atoms and 0.34 A for all non-hydrogen atoms. Figure
1(a) shows that the refined structure lies within one of the
basins visited during the dynamics. Analogous results
were observed in other crambin trajectories (D. Vitkup,

unpublished data): the refined structures are close to the
average structures but usually lie within the basin (sub-
state) in which protein spends most of the time during the
simulation. The PCA projection of a 300-ps crambin trajec-
tory at 300 K on its two largest principal components is
shown in Figure 1(b). Only a single basin is explored in the
300 K trajectory. As a result of the single basin (state)
behavior, the refined structure [green dot in Figure 1(b)] is
closer to the average structure for the 300 K trajectory [red
dot in Figure 1(b)] than for the 240 K trajectory. The
RMSD between the average and the refined structure for
the 300 K trajectory is 0.09 A for backbone atoms and 0.27
A for all non-hydrogen atoms. Despite the multistate
dynamics in the 240 K trajectory and single state in the
300 K trajectory, the refined R-factor and R-free values are
similar in the two cases (see Table I). Both are within the
normal range observed for proteins.

To further analyze the contributions of multistate behav-
ior to the crystallographic protein R-factor, crambin trajec-
tories were generated in which the atomic motion was
anisotropic but harmonic within a single state. In the
harmonic trajectories, the displacement distribution for
each crambin atom around its average position was Gauss-
ian. Details of the generation of the harmonic trajectories
are given in Materials and Methods.

Because the intensities of crystallographic reflections
depend only on the average electron density in the crystal
unit cell (and thus only on the average atomic distribu-
tions), the reflections generated from an artificial har-
monic trajectory are equivalent to the ones produced by an
“imaginary” dynamic trajectory in which the atomic mo-
tions are anisotropic but harmonic within a single state. A
harmonic “trajectory” (referred to as the harm_240 K
trajectory below) was generated in which principal compo-
nents of motion and amplitudes of fluctuations for each
crambin non-hydrogen atom were the same as in the
molecular dynamics trajectory at 240 K. The crystallo-
graphic reflections were generated from the harm_240 K
trajectory in the same way as from the molecular dynamics
crambin trajectories. The crambin structure was refined
against crystallographic reflections generated from the
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harm_240 K trajectory by using the simulated annealing
refinement method. The refined structure for the harmonic
trajectory was almost identical to the average structure for
the trajectory. The backbone RMSD between the refined
and average structures was 0.024 A; the non-hydrogen
RMS deviation was 0.029 A. The refined R-factor and
R-free for the harm_240 K trajectory are given in Table II.
Despite the fact that the harm_240K trajectory was abso-
lutely harmonic, the refined R-factor is about the same as
from the 240 K and 300 K trajectories.

Role of Isotropic Approximation to Anisotropic
Atomic Motion

After the isotropic refinements of the crambin trajecto-
ries using X-PLOR, the crystallographic data generated
from the crambin trajectory at 300 K and harmonic
crambin trajectory (the harm_240 K trajectory) were re-
fined anisotropically. The anisotropic full-matrix least-
square refinements were performed by using program
SHELX-932! (see Materials and Methods). The final struc-
tures obtained in the isotropic refinements with XPLOR
were used as a starting model for the SHELX anisotropic
refinements. Introduction of anisotropic temperature fac-
tors substantially lowered both the R-factors and the
R-free factors; the latter confirms the improved quality of
the refined protein models. In the anisotropic refinement
of the reflection data from the crambin trajectory at 300 K,
the R-factor converged at 9.2% and the R-free at 10.0% for
all data in the resolution shell 10.0-1.0 A; the R-factor was
7.1% and the R-free was 8.5% for data in the resolution
shell 10.0-2.0 A. In the refinement of the harmonic
crambin trajectory data, the R-factor converged at 4.1%
and the R-free at 5.4% for the 10.0-1.0 A shell; the R-factor
was 3.6% and the R-free was 4.5% for the 10.0-2.0 A shell.
Although in the anisotropic refinement of the harmonic
trajectory reflections the refined R-factor has not reached
zero (which would indicate a perfect model), its value is
within that expected from the intrinsic errors in the
simulated crystallographic data (see Materials and Meth-
ods).

Only small coordinate shifts occurred in the anisotropic
refinements relative to the starting structures obtained
with isotropic refinement. The non-hydrogen atom RMSDs
between the starting and the final refined structures were
0.067 A for the data generated from the 300 K crambin
trajectory and 0.045 A for the data from the harmonic
trajectory. The small RMS coordinate shifts observed in
the anisotropic refinements indicate that the major im-
provement in the R-factors came from the introduction of
the anisotropic temperature parameters.

To determine how the lowest R-factors achievable in
isotropic refinements are affected by the degree of anisotro-
pic atomic motion, harmonic crambin trajectories with
various degrees of anisotropy were generated. The degree
of anisotropy in these harmonic trajectories was altered by
changing the ratio of atomic fluctuations along the first
principal component of the individual atomic motions
relative to fluctuations along the other two components.
This procedure effectively changes the anisotropic param-
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eter A, (see Materials and Methods). The directions of the
principal components for the motion of the crambin atoms
were the same in all harmonic trajectories and were taken
from the molecular dynamics trajectory of crambin at 240
K (see above). The anisotropic parameter A, (see Materials
and Methods) for all crambin atoms was kept at zero
(fluctuations along the second and the third principal
components were the same for all atoms), as observed
values of the A, parameter are small in both molecular
dynamic simulations®? and experiment.?® The degree of
anisotropic motion was varied in the different harmonic
trajectories but was identical for all atoms within each
trajectory. In the harmonic trajectories, the RMS fluctua-
tions for all non-hydrogen crambin atoms were set equal to
0.75 A. This is a typical value of atomic RMS fluctuations
in proteins at room temperature.?* Crystallographic reflec-
tions were generated from the harmonic trajectories in the
usual way (see Materials and Methods). The isotropic
refinements of the crystallographic data generated from
the harmonic trajectories were performed with XPLOR.
Only B factors were refined, and the average structures
were used as the coordinate models. For a harmonic
trajectory, the average structure (identical to the minimal
energy structure) constitutes the best possible refinement
model. Consequently, there were no coordinate errors in
the refinement of harmonic trajectories. Thus, the only
errors came from isotropic refinement of harmonic but
anisotropic protein atom motions.

The converged R-factors obtained in the refinements of
crystallographic data generated from the harmonic trajec-
tories are plotted as a function of the motional anisotropy
(the parameter A;) of the trajectories in Figure 2. The
graphs of the refined R-factor and the R-free versus
anisotropy were almost identical for the refinements be-
cause the ratio of refined parameters to observations is low
(because only B-factors are refined, the parameters/
observations ratios are 0.26 for 10-2.0 A data, 0.047 for
10-1.4 A data, and 0.017 for 10-1.0 A data) so that
“overfitting” is not possible. The R-factor data for three
resolution shells (10-2.0 A, 10-1.4 A, 10-1.0 A are
displayed in Figure 2. It is evident from Figure 2 that, even
in the absence of coordinate errors, relatively large R-
factors (and R-frees) occur because of the inconsistency
between the isotropic refinements and the anisotropy of
the atomic motion. The graphs of the R-factors versus the
motion anisotropy in Figure 2 show that the higher the
resolution of the reflection data the larger are the values of
the R-factors because of the use of the isotropic approxima-
tion. Qualitatively, this is a consequence of the fact that at
a higher resolution differences between isotropic and an
anisotropic electron distributions are more significant.

Although the data presented in Figure 2 were calculated
by using the harmonic trajectories with the principal
components of individual atomic motion obtained from the
240 K trajectory, the form of the R-factors versus anisot-
ropy graphs appears to be general. Refinements of trajecto-
ries with randomly generated principal components of
motion, but the same degree of anisotropy (values of A;),
produced very similar R-factors (D. Vitkup, unpublished).
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Role of the Random Coordinate Errors

To complement the study of contributions to the protein
R-factors from the use of the isotropic approximation to the
atomic motion, it is of interest to consider a system in
which atomic motion is isotropic and the contributions are
coming exclusively from coordinate errors. To simulate
such a system, X-ray reflections were generated from a
static crambin structure with preset isotropic B-factors.
This approximates reflection data generated from a per-
fectly harmonic and isotropic simulation. The crambin
structure, used to simulate the isotropic reflection data,
was then displaced by minimization or brief molecular
dynamics, and new reflection data were generated from
the displaced structure. The same B-factors were used for
all crambin atoms in the original and displaced structures.
The protein R-factor between the reflection data generated
from the original and displaced structures provides an
estimate of R-factor values for a system in which the only
source of error is due to the deviation of a structure from
the best possible refinement solution.

Figures 3 show three-dimensional graphs of the R-factor
between two structures as the function of the RMSD and
atomic B-factors. Identical B-factors were used for all
crambin atoms in the two structures. The R-factor for each
RMS value in Figures 3 was averaged over three indepen-
dent displacements obtained from short molecular dynam-
ics runs or minimization. Figure 3(a) shows data for 10-1
A resolution shell, Figure 3(b) for 10-1.4 A resolution
shell, and Figure 3(c) for 10—2 A resolution shell. As is
clear from Figures 3, the surface of R-factor versus coordi-
nate errors is rather steep, and random RMS errors in the
range of 0.2-0.3 A increase R-factors to 20-30%. By
contrast, the magnitude of the B-factors has only small
effect, with R-factors as a function of coordinate error
being slightly larger for smaller B-factor values.

R-Factors Resulting From Combination of Using
the Isotropic Approximation and Coordinate
Errors

In the refinement of the experimental data for proteins,
both coordinate errors and errors due to the isotropic
approximation of the atomic motion are usually present.
The individual contributions of these errors to the value of
the R-factor were investigated in the previous two sec-
tions. Here we examine the effect of the presence of both
types of errors. The combined contributions of the two
error types were estimated by using the following proce-
dure. The final structures obtained in the isotropic refine-
ment of the harmonic and anisotropic crambin trajectories
(see above) were displaced by brief molecular dynamics
simulations or minimizations. The R-factors were calcu-
lated between the reflections generated in the anisotropic
trajectories and the displaced structures with isotropic
B-factors (Fig. 4). For each anisotropy and value of the
coordinate shift, the R-factors shown are the average over
10 independent displacements. Data for 10—1.0 A resolu-
tion shell is shown in Figure 4(a), data for 10-1.4 A
resolution shell in Figure 4(b), and data for 10-2.0 A
resolution shell in Figure 4(c).

D. VITKUP ET AL.

Compared with the R-factors in Figure 3 (in which only
coordinate errors were considered), the R-factors for trajec-
tories with large anisotropy have significant values even
when coordinate errors are near zero. This is a conse-
quence of the fact that the isotropic approximation alone
can result in large R-factors (see Role of Isotropic Approxi-
mation to Anisotropic Atomic Motion). For coordinate
errors smaller than 0.2 A, the use of the isotropic approxi-
mation becomes an important factor keeping values of the
R-factors high.

To establish the generality of the results in Figure 4, the
R-factors for myoglobin were calculated as a function of
anisotropy and RMS displacements. Harmonic myoglobin
trajectories were generated in the same way as harmonic
crambin trajectories (see above). The principal axes of
atomic motion used in generation of harmonic myoglobin
trajectories were taken from a 200-ps molecular dynamics
trajectory of myoglobin at 300 K generated by CHARMM.
The same fluctuation amplitudes were used in generation
of the myoglobin harmonic trajectories as in the crambin
harmonic trajectories. The R-factor surface plots for myo-
globin are compared in Figure 5.

The R-factor plot for resolution shell 10-1.4 A is shown
in red for crambin and in blue for myoglobin. The surface
plots of R-factor versus anisotropy and RMS displace-
ments are similar for the two proteins. Moreover, the
surfaces are almost identical in the area of usual protein
motion anisotropy (anisotropy around 0.7), and typical
coordinate errors present in experimental X-ray struc-
tures (coordinate errors of 0.2—0.3 A). The similarity of the
R-factor dependence on the degree of motional anisotropy
and coordinate errors for proteins as different as crambin
and myoglobin suggests that the shape of the plots is a
general feature of protein refinement.

DISCUSSION

We have explored the contribution of various aspects of
protein motion and refinement models to the observed
values of R-factors. This was done by the use of molecular
dynamics simulations and their self-consistent analysis
that permitted a dissection of the contributions to the
R-factor that could not be made by experiments alone. As
stated in the introduction, the errors in the measurement
of crystallographic reflections, although present, usually
do not play the dominant role in keeping protein R-factor
values high. With modern high-intensity sources and area
detectors, individual reflection intensities are measured
quite accurately. The errors of this type were estimated to
contribute <5% to the observed R-factors.'*

The effects connected with solvent modeling and disor-
der in protein crystals clearly contribute to protein R-
factors. It would be possible to extend our self-consistent
analysis to investigate these effects by performing sol-
vated simulations in a crystal environment. We note that
the R-factors obtained in our study are similar to experi-
mental values, suggesting that solvent modeling and
crystal disorder are not the principal contributors to
experimental R-factor values.
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Fig. 5. The graph analogous to Figures 4a—4c, comparing the
R-factor surfaces for crambiin and myoglobin.

Inconsistencies between the “real” protein energy func-
tion and the functions used as an energetic term in
refinement protocols can also be ruled out as the major
source of the large protein R-factors. Our results show that
even when using the exact energy function in the refine-
ment, the R-factors are not lowered substantially. In a
protein refinement, one usually tries to approximate an
ensemble of conformations with a single structure. The
structure with the lowest potential energy is the best
representative of an ensemble only if the energy surface of
the protein is harmonic. In reality, protein energy surfaces
have multiple minima in the neighborhood of the native
state.?® For such a complex surface, the single best repre-
sentative of the ensemble in terms of electron density may
not be the structure with the lowest potential energy. The
results also show that multistate effects in protein dynam-
ics?® are not a major contributor to the large protein
R-factors. The refinements of the crystallographic reflec-
tions generated from crambin trajectories with multistate
and single-state behavior did not yield significantly differ-
ent R-factors. Furthermore, refinements of the X-ray data
generated from absolutely harmonic but anisotropic
crambin trajectories (perfect single-state dynamics) led to
R-factors similar to those obtained from refinement of
multistate dynamics.

Investigation of the contribution of coordinate errors
and the use of isotropic approximation to anisotropic
protein motion showed that both can be important in
keeping protein R-factors large. The results of anisotropic
SHELX refinements, using the reflection data generated
from the crambin trajectories, showed that protein R-
factors can be substantially reduced if it is possible to
refine anisotropic temperature factors without data overfit-
ting. In the anisotropic refinement of the X-ray data
generated from the 300 K crambin trajectory small R-
factors were achieved (R-factor = 9.2%, and R-free =
10.0% for reflections in the 10.0-1.0 A resolution shell;
R-factor = 7.1%, and R-free = 8.5% for reflections in the
10.0—2.0 A resolution shell). The R-factors obtained in this
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way are about half as large as those resulting from the
isotropic refinements of the same data. The corresponding
reduction of the R-free in the anisotropic refinements
indicates significant improvements in the quality of the
refined models. These improvements were almost exclu-
sively due to better modeling of anisotropic protein motion,
because there were only small coordinate shifts in the
course of the SHELX refinements.

Even if the atomic protein motions were completely
isotropic (i.e., the use of isotropic approximation were
exact), coordinate errors can still cause large protein
R-factors. By “coordinate errors” we mean the difference
between a given structural model and the best possible
refinement solution. Coordinate errors can occur in X-ray
structures because, for example, reflection data are not of a
high enough resolution to guide refinements to the best
possible structural model. Typical RMS coordinate errors
in protein structures are estimated at 0.2-0.3 A.* Our
calculations show that, even if the protein motion is
completely isotropic, coordinate errors in the range of
0.2—-0.3 A result in R-factors of 20—25%.

To understand the interplay between contribution from
coordinate errors and the use of the isotropic approxima-
tion, combinations of these errors were considered in
Figure 4. Graphs of the protein R-factors versus coordinate
RMS errors and degree of the motion anisotropy were
calculated. The analysis of the resulting surfaces led to the
conclusion that for coordinate errors below 0.2 A and
typical protein anisotropy (parameter A; around 0.7-0.8),
about equal contribution to the experimental R-factors are
made by these two factors.

Our conclusions are in accord with recent experimental
evidence, for example, results obtained by Harata et al.2®
In this study, the SHELX program was used to refine
structures of turkey egg white and human lysozyme
anisotropically. In the lysozyme refinements, the introduc-
tion of anisotropic temperature factors markedly reduced
the protein R-factors. The final R-factors achieved by
Harata et al. were 10.4% for turkey egg lysozyme and
11.5% for human lysozyme. These values are to be com-
pared with the isotropic refinement that yielded R-factor of
18% and R-free of 23.5%.

In the future, improvements in experimental data collec-
tion and refinement techniques should generally decrease
the observed protein R-factors. Methods of cryocrystallog-
raphy, better crystal growth, and use of high-power syn-
chrotron sources will allow measurements of X-ray data to
higher resolution. This would decrease coordinate errors
in refined structures. Higher resolution data also should
allow for wider use of the anisotropic B-factor approximation,
especially when combined with normal mode refinement®%-27
and time-averaged refinement.?® It is likely that refinement
R-factors will be reduced to around 10% by such improve-
ments in the near future, at least for some proteins.

MATERIALS AND METHODS
Molecular Dynamics Simulations

The molecular dynamics simulations of crambin, used
for generation of X-ray reflections, were performed with
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the CHARMM program (version 24a).'® Two molecular
dynamic simulations were performed at 240 K and at 300
K. The simulations were started from an energy mini-
mized crambin crystal structure (Hendrickson and Teeter,
1981, PDB entry lcrn). The crystal structure was first
minimized for 500 steps by using the ABNR algorithm.
The molecular dynamics simulations included a 10-ps
heating stage and a 100-ps equilibration stage, followed by
300 ps of production dynamics. An integration step of
0.001 ps was used. No explicit water molecules were
included in the simulations. Coordinate frames were saved
every 0.1 ps. The production dynamics portions of the
trajectories were used in the simulation of X-ray data.

Potential Energy Function Used in CHARMM and
XPLOR

The same energy functions were used to perform the
crambin simulations (using CHARMM) and as the energy
cost function term in the refinements of X-ray data gener-
ated from the simulations (using XPLOR). The polar-
hydrogen representation was used, defined by CHARMM
19 parameter and topology files.?? A switching function
was used to truncate the van der Waals and electrostatic
interactions over the 6.5-7.5 A interval. A distance-
dependent dielectric was used to screen electrostatic inter-
actions.

PCA of the Molecular Dynamics Trajectories

PCA of the crambin trajectories at 240 K and 300 K was
performed by diagonalizing the coordinate covariance ma-
trix.'®2° The Cartesian coordinates of C-a backbone atoms
were used to define a 132 dimensional coordinate space
(8N-6 dimensions, where N = 46 for crambin). Before PCA
analysis, net rotation and translation of the protein were
removed from the trajectory frames by coordinate superpo-
sition with the average structure. Projections of the crambin
trajectories onto planes defined by the two largest princi-
pal components were constructed from 3000 coordinate
frames (saved every 0.1 ps from the 300-ps trajectories).

Parameters Characterizing the Atomic Motion
Anisotropy

To characterize the anisotropic motion in the present
article we use two parameters: A; and A,, introduced
previously.?? Parameter A, is formally defined for an atom
as:

B <U32£> 1/2
A= (1/2*<<U§> T <U§>>) B

where <U,”>, <U,*>, and <U,”> are the mean-square
fluctuations along the principal components of motion for
the atom. Specifically, <U,?> is the mean-square fluctua-
tions along the direction of the first (largest) principal
component, <U,*> is the mean-square fluctuations along
the second principal component, and <U,?> is the mean-
square fluctuation along the third principal component.
The parameter A; approximately indicates how large the
fluctuations are along the largest principal component of
motion in comparison with fluctuations along the other

(%)
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two components. For absolutely isotropic motion, the
parameter A; is equal to 0. The larger the value of A,, the
more anisotropic is the motion. Typical average values of
the parameter A, for proteins are 0.6—0.8.2? The other
parameter that is used to characterize the anisotropy of
the atomic motion is A,; it is formally defined as:

A B ((l]}%))llz . (6)
2 \12(Uy) +(U2)

where <U,*> and <U_?>> are the mean-square fluctua-
tions along the second and the third principal components
of atomic motion. The parameter A, indicates how large
the atomic motion is along the second largest principal
component compared to the motion along the third largest
principal component. Typical average values of the param-
eter A, for proteins are 0.1-0.2.22

Simulation of Harmonic Crambin Trajectories

The frames of the harmonic crambin “trajectories” were
generated by independently displacing each crambin heavy
atom along three perpendicular axes. The atomic displace-
ments were done in such a way that in the resulting
trajectories a three-dimensional Gaussian distribution
was generated for each crambin atom with the displace-
ment axes as the principal components of the distribution.
Each harmonic crambin trajectory consisted of 300 frames.
In every frame of the harmonic trajectories atoms were
displaced relative to the same initial positions constituting
the centers for the atomic distributions. Atomic positions
in a crambin crystal structure (Hendrickson and Teeter,
1981) were used as the centers for the distributions.

Principal component vectors and fluctuations along these
vectors for all heavy atoms were calculated for the crambin
trajectory at 240 K by using CHARMM. These principal
component vectors and fluctuations were used to generate
the harm_240 K trajectory. The same principal component
vectors (as in the harm_240 K trajectory) were used in
generation of the crambin harmonic trajectories with
different motional anisotropies. In these trajectories, the
RMS fluctuations were kept the same for all atoms at a
value of 0.75 A. The degree of motion anisotropy, defined
by the parameter A;, was varied simultaneously for all
crambin heavy atoms by changing the ratio of fluctuations
along the main principal component relative to the other
two components.

Simulation of X-ray Data

The program XPLOR was used to generate X-ray data
from the molecular dynamics and harmonic trajectories.
The X-ray data were simulated by generating X-ray crystal-
lographic reflections from the coordinate frames of the
trajectories. Three hundred coordinate frames saved from
the molecular dynamics trajectories (every 1 ps) or simu-
lated in the harmonic trajectories were used in the X-ray
data generation. No explicit “experimental” noise was
added to the generated reflection data. In generation of
crystallographic reflections, crambin was assumed to be in
a P2, space group with the following unit cell parameters:
a =40.96,b = 18.65, ¢ = 22.52, a = 90.0, B = 90.77, vy =
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90.0 (1ern PDB structure); myoglobin was assumed to be
in a P2, space group, with unit cell parameters: a = 64.10
A, b=3084A,¢c=23469A, a0 =90.0,p = 10584,y = 90.0
(Imbc PDB structure). The direct summation method in
XPLOR was used for the generation of the crystallographic
reflections. No explicit temperature factors were used in
generation of the reflections. The reflections generated
from the coordinate frames were vector averaged. The
vector averaging of crystallographic reflections (averaging
of structure factor vectors) corresponds to the assumption
that the motion of proteins molecules in different unit cells
of a crystal are not correlated.'! The averaged reflections
were used as input data to the refinement protocols.

The convergence errors in the simulated X-ray data
were estimated by calculating the R-factors between sev-
eral harmonic trajectories of the same length (300 frames
were generated for each trajectory), atomic fluctuation
amplitudes, and principal components of motion for all
crambin atoms; the only difference between the trajecto-
ries were initial seeds for a random number generator. The
R-factors between the reflection data generated from these
trajectories were around 5% (for all data in resolution shell
10.0-1.0 A).

Refinement of the Simulated Data

The isotropic refinements of crambin against generated
X-ray reflections were performed by using XPLOR. All
reflections generated in the 10—-1.0 A resolution shell were
used in the XPLOR refinements. Cartesian simulated
annealing from a temperature of 1500 K, followed by
successive rounds of minor manual rebuilding, positional
and individual B-factor refinements were performed. To
ensure convergence of the coordinate simulated annealing
refinements to the best possible structural models, isotro-
pic temperature factors (B-factors) of crambin heavy at-
oms were preset to the values corresponding to their
fluctuations in the molecular dynamics simulations (from
which the crystallographic data were generated). Through-
out the refinements, the value of R-free factor!? was
followed to prevent data overfitting. The refinements of the
harmonic trajectories were started from the structures
that were centers of atomic distributions (known best
possible models), and only B-factor refinements were
performed.

The anisotropic refinements were performed by using
the program SHELX.?! The final coordinate models ob-
tained in the isotropic refinements by XPLOR were used as
starting models for in the SHELX refinements. Successive
rounds of least-squares refinements were performed by
SHELX using all reflections in resolution shell 10-1 A In
the early rounds of the refinements, isotropic temperature
factors were used. At the final stage, the full-matrix
least-square refinements with anisotropic temperature
factors were performed.
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